Abstract Tumor development or recurrence is always a matter of concern following radiofrequency thermal ablation (RFA) of tumors. To determine whether combining RFA with immunologically active cytokines might induce tumor-specific immune responses against mammary carcinoma and inhibit tumor development or metastasis, we evaluated intralesional injection of IL-7 and IL-15 in RFAtreated murine tumors. We used two different breast carcinoma models: neu-overexpressing mouse mammary carcinoma (MMC) in FVBN202 transgenic mouse and 4T1 tumors in Balb/c mouse. MMC tend to relapse even in the presence of neu-specific immune responses, and 4T1 is a weakly immunogenic, aggressive and highly metastatic transplantable tumor. In vivo growth of both of these tumors is also associated with increased numbers of CD11b+Gr1+ myeloid-derived suppressor cells (MDSC). We showed for the first time that unlike RFA alone, RFA combined with the administration of intralesional IL-7 and IL-15 (after RFA), induced immune responses to tumors, inhibited tumor development and lung metastasis, and reduced MDSC.
Introduction
Radiofrequency thermal ablation (RFA) of solid tumors delivers a high frequency alternating current, which causes ionic agitation and frictional heating, resulting in the killing of tumor cells. At temperatures above 55°C, cellular proteins are denatured and cell membranes are destroyed, leaving a necrotic region surrounding the electrode. RFA was first reported as a treatment for breast cancer in 1999 by Jeffrey et al. [1] who reported tumor cell death in 5 out of 5 patients studied. RFA has also been used for the treatment of renal cell carcinomas, primary and metastatic hepatic carcinomas, lung carcinomas, prostate cancer, metastatic bone lesions, and many other types of cancer [2] . In addition to the localized effects against the treated tumors, RFA may also stimulate T cell responses [3, 4] . It was reported that RFA can provide a source of tumor antigen for uptake and presentation by dendritic cells (DC) and can induce immune responses against B16 melanoma in mice [4] .
RFA has been shown to be safe in breast cancer patients [5] . It was also suggested to be a potent activator of anti-tumor immune responses that might reduce the risk of tumor recurrence [6] . However, there is no single report on the efficacy of RFA in eliciting anti-tumor immune responses thereby reducing relapse and/or metastasis of breast cancer. On the other hand, RFA has been shown to induce anti-tumor immune responses against hepatocellular carcinoma [3] . However, such immune responses could not protect the patients from tumor recurrence [7] . These studies further indicate the need for additional immune manipulation in conjunction with RFA for the treatment of solid tumors. It has yet to be determined whether an adjuvant immunotherapy combined with RFA might improve the therapeutic efficacy of RFA by inducing anti-tumor immune responses and inhibiting tumor relapse and metastasis.
The gamma chain cytokines, IL-7 and IL-15 are attractive candidates for adjuvant immunotherapy because of their role in maintenance/proliferation of effector and memory T cells. IL-7 plays a critical role in lymphocyte development and homeostasis of naïve and memory CD8+ T cells [8] . It has been implicated as a pro-survival cytokine for early memory CD8 T cell selection and maintenance [9] [10] [11] . High IL-7 levels may lead to autoimmunity and ectopic lymphocyte infiltrates, suggesting its potential role in enhancing anti-tumor immune responses [12] . IL-15 is involved in maintenance and proliferation of memory T cells [13] . Moreover, unlike IL-2, IL-7 and IL-15 do not cause activation-induced cell death, nor are they needed for the maintenance of CD4+ CD25+ regulatory T cells (T regs) [13] . In fact, one characteristic of T regs is lack of expression of IL-7 receptor alpha, CD127 [14] . Therefore, we sought to determine whether addition of intralesional IL-7 and IL-15 after RFA treatment might improve induction of anti-tumor immune responses and result in the inhibition of tumor recurrence or metastasis. In order to perform these studies, we used two different breast tumor models. One model was a neu-overexpressing murine mammary carcinoma (MMC) isolated from spontaneous mammary tumors of FVBN202 transgenic mice [15, 16] . These mice over-express the rat neu oncogenic protein in their mammary gland tissue and develop spontaneous mammary carcinoma [17] . MMC tumors tend to relapse in the presence of specific types of anti-tumor immune responses [16, 18, 19] . The second model was the 4T1 mammary carcinoma, which closely resembles human breast cancer, with weak immunogenicity and aggressive growth and metastatic properties [20] . 4T1 tumors spontaneously metastasize primarily to the lungs ([95%), but also spread to the liver ([75%) and brain (40%) as well as the blood and lymph nodes. In both of these mammary carcinoma models, failure of the rejection of transplanted tumors is associated with increased numbers of CD11b+Gr1+ myeloid-derived suppressor cells (MDSC) in the spleens of tumor-bearing mice [19, 21] . In the present studies we determined for the first time that RFA combined with intralesional IL-7 and IL-15 induces tumor-specific immune responses, protects animals against tumor relapse or metastasis, and reduces MDSC.
Materials and methods

Animals
Female FVBN202 transgenic (Charles River Laboratories) and female Balb/c mice (Jackason Laboratories) were used throughout these studies. FVBN202 is the rat neu transgenic mouse model in which 100% of females develop spontaneous mammary tumors by 6-10 months of age, with many features similar to human breast cancer. These mice overexpress an unactivated rat neu transgene, as self antigen, under the regulation of the MMTV promoter [17] . These mice are tolerant to neu protein prior to the development of atypical hyperplasia in their mammary glands [19, 22] . The studies have been reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) at Virginia Commonwealth University. Animals were between 8 and 10 weeks of age unless otherwise stated.
Tumor cell lines MMC cell line was established from a spontaneous tumor harvested from FVBN202 transgenic mice as previously described with minor modifications [16, 23] . Neu antigen negative variant (ANV) was established from recurrence of MMC under immune pressure in vivo [16, 18] . 4T1 mammary tumor cells were kindly provided by Dr. Jane Tsai at the Michigan Cancer Foundation, Detroit, Michigan. Cells were maintained in Dulbecco's Modified Essential Medium (DMEM) with 10% heat-inactivated fetal calf serum (Hyclone, Logan, UT), 1 mM sodium pyruvate, 100 U/ml penicillin and 100 lg/ml streptomycin (Sigma, St. Louis, MO). The 4T1 tumor is a weakly immunogenic and highly metastatic breast carcinoma line established in Balb/c mice. Animals were inoculated with 5 IFN-c ELISA Splenocytes were cultured in the presence of IL-2 (40 U/ml) for 5 days in order to enrich for CD25+ effector T cells and to reduce MDSC and eliminate background IFN-c secretion by MDSC. Such in vitro cultures dramatically reduced the number of MDSC since these cells undergo apoptosis starting immediately after in vitro culture. Splenocytes were then cultured with complete medium (RPMI1640 supplemented with 10% FBS, 100 U/ml penicillin, 100 lg/ml streptomycin) in the presence or absence of irradiated MMC or 4T1 (15,000 rad, in a E:T ratio of 10:1). Supernatants were collected after 20 h and IFN-c was detected using a Mouse IFN-c ELISA kit (BD Pharmingen, San Diego, CA) according to manufacturer's protocol. Results were reported as the mean values of duplicate wells.
Flow cytometry
All staining procedures were conducted on ice, and washing steps were performed with a PBS-0.1% sodium azide to avoid internalization/recycling of the receptors. Antimouse CD16/CD32 antibody (0.5 lg/200 ll/2-5 9 10 5 cells; BD PharMingen) was used prior to the specific antibody staining in order to block the cell surface Fc receptors. FITC-conjugated anti-mouse CD11b and PEconjugated anti-mouse Gr1 antibodies were used according to the manufacturer's instructions (Biolegend, San Diego, CA). Cells were finally washed and fixed with 1% ultra pure formaldehyde and assayed on a Beckman Coulter Epics XL and data were analyzed using Expo 32 software.
Statistical analysis
Results of tumor growth were analyzed using Student's t-test. A value of P \ 0.05 was considered significant. either treated with RFA alone or RFA followed by intralesional injection of recombinant IL-7 and IL-15. Control groups remained untreated following tumor challenge. A group of FVBN202 transgenic mice was also inoculated with MMC followed by intralesional injection of IL-7 and IL-15 alone, without prior RFA (n = 4). As shown in Fig. 2a , all control groups and FVBN202 transgenic mice who received IL-7 and IL-15 in the absence of RFA treatment developed progressive tumor growth. RFA alone temporarily slowed the growth of primary tumors so that no tumor was visible after RFA ( Fig. 2a; 2 weeks after the challenge, P = 0.000002). However, tumors recurred at the periphery of the RFA area and re-grew at a slower rate than those in control groups (week 3, P = 0.0000006, week 4, P = 0.00003, week 5, P = 0.0005). Similar observations were made in Balb/c mice inoculated with 4T1 tumors (Fig. 2b) . There was no tumor detectable after RFA treatment and RFA-treated tumors grew at a significantly slower rate than control tumors (P = 0.02 at week 2; P = 0.009 at week 4 and P = 0.001 at week 5). Three weeks after RFA treatment, recurrent MMC tumors reached 800-1,100 mm 3 in FVBN202 transgenic mice ( Fig. 2a ; P = 0.0007) and recurrent 4T1 tumors reached 100-250 mm 3 in Balb/c mice ( Fig. 2b , P = 0.006). Interestingly, animals who had received RFA followed by intralesional injection of IL-7 and IL-15 remained tumorfree until the end of trial.
Results
RFA
Intralesional injection with IL-7 and IL-15 in RFAtreated tumors resulted in the inhibition of lung metastasis of 4T1 mammary tumors Because 4T1 exhibits a high rate of lung metastasis soon after inoculation, we sought to determine whether induction of anti-tumor immune responses by RFA plus intralesional IL-7 and IL-15 would inhibit tumor metastasis in Balb/c mice. Animals inoculated with 4T1 cells were treated with RFA alone or RFA and intralesional IL-7 + IL-15 10 days after tumor inoculation. Control groups remained untreated. Mice were sacrificed 3-4 weeks after tumor inoculation, and lungs were removed and evaluated for metastasis. As shown in Fig. 3 , both RFA-treated (a) and untreated mice (b) showed marked development of lung metastasis, while animals who had received IL-7 and IL-15 after RFA treatment (c) showed inhibition of metastatic nodules in their lungs compared to other groups. Healthy lung from naïve mice was used as negative control for metastasis (d).
Intralesional injection of MMC with GM-CSF leads to increased MDSC in the spleen while IL-7 and IL-15 did not show such effects
We compared the effects of GM-CSF and IL-7/IL-15 on the accumulation of MDSC in the spleen of tumor-bearing animals. FVBN202 transgenic mice were inoculated with MMC and received intralesional injection of GM-CSF or IL-7 and IL-15 after 2 weeks. Control groups received no cytokine treatment. Animals were then sacrificed 4 weeks after the tumor challenge, and presence of MDSC in their spleens was assessed. As shown in Fig. 4 , the number of CD11b+Gr1+ MDSC in gated granulocyte regions increased from 84% in control tumor-bearing mice (a) to 92% in GM-CSF-treated mice (b), while injection of IL-7 and IL-15 actually decreased MDSC to 61% (c). The Intralesional injection with IL-7 and IL-15 in RFAtreated animals resulted in reduced numbers of CD11b+Gr1+ MDCS compared to control tumorbearing mice
Since failure in the rejection of MMC and 4T1 tumors was associated with increased numbers of CD11b+Gr1+ MDSC, we sought to determine whether the anti-tumor effect of combined RFA/IL-7/IL-15 treatment was associated with reduced numbers of MDSC. FVBN202 transgenic mice were challenged with MMC and Balb/c mice were challenged with 4T1 tumors. Ten-fourteen days later, animals were treated with RFA, RFA + IL-7 and IL-15, or remained untreated. Animals were sacrificed 1-2 weeks later and their splenocytes were stained with FITC-CD11b and PE-Gr1 Abs. Percent double positive cells were analyzed on gated granulocyte regions. As shown in Fig. 5 , control tumor-bearing mice showed increased levels of MDSC (84% in FVBN202 and 92% in Balb/c) compared to naïve mice (21% in FVBN202 and 33% in Balb/c). While RFA-treated groups showed a slight decrease in the number of MDSC (55% in FVBN202 and 71% in Balb/c), RFA + IL-7/IL-15-treated groups showed a marked decrease in splenic MDSC (38% in FVBN202 and 56% in Balb/c) compared to control tumor-bearing mice (84% in FVBN202 and 92% in Balb/c).
Discussion
RFA is a clinically approved treatment for the destruction of tumor tissues, particularly unresectable primary and metastatic hepatic tumors. RFA generates local necrosis followed by a marked inflammatory response and infiltration of T cells at the site of treatment [24] [25] [26] . Necrotic tumors may then provide a unique source of antigens for the induction of anti-tumor immune responses. RFA has been evaluated for metastatic and primary breast, lung, kidney and bone cancers [3] . In addition, it has been shown that small molecules or cytokines could be retained and gradually released from RFA-treated tumors for a prolonged period of time [27] . Therefore, intralesional injection of cytokines in RFA-treated tumor tissues should allow a continuous supply of tumor antigens and cytokines for the retention, activation, proliferation, and survival of the tumor-infiltrating T cells following RFA.
Initial animal studies and subsequent human studies have demonstrated that RFA alone can induce tumor-specific immune responses against hepatocellular carcinoma. The use of RFA on implanted VX2 hepatoma was shown to cause increased antigen-specific proliferation of lymphocytes from the peripheral blood of RFA treated animals over that of control animals. The tumor sites of these mice also showed an increased infiltration of CD3+ cells after treatment with RFA [4] . RFA has also been reported to enhance anti-tumor immune responses in a fraction of patients with hepatocellular carcinoma [3, 28] . However, these T cell responses did not offer any protection against tumor recurrence, therefore suggesting the need for additional immune manipulation in conjunction with RFA treatment. Using two animal models of mammary carcinoma, we have demonstrated that RFA alone failed to induce immune responses against tumors, while intralesional injection of a single dose of IL-7 and IL-15 following RFA resulted in the induction of marked IFN-c production by splenocytes in response to MMC and 4T1 tumor cells in vitro, as well as inhibition of tumor recurrence and lung metastasis in vivo. Since it is difficult to quantify complete ablation of microscopic tumors, it is also likely that IL-7 and IL-15 could cause a more complete ablation of the primary tumor rather than inhibition of tumor recurrence. In any case, IL-7 and IL-15 caused inhibition of tumor development following RFA treatment. Failure of RFA alone to induce tumor-specific immune responses may result, in part, from the presence of increased levels of MDSC in both MMC and 4T1 tumorbearing mice, in contrast to hepatocellular carcinoma model. Levels of MDSC were greater in 4T1-bearing mice than MMC-bearing animals. Higher background IFN-c secretion by splenocytes of 4T1-bearing mice even in the absence of in vitro stimulation with the tumor may be due to the presence of residual metastatic nodules that provide the source of antigen for continuous stimulation of T cells. This needs to be confirmed by using imaging technology.
Intratumoral injection of cytokines, GM-CSF in particular, has been shown to have a marked paracrine effect (high concentration of a substance in tumor microenvironment) for the induction of anti-tumor immune responses. However, it requires daily or twice daily injections because of the rapid clearance of GM-CSF by the tumor's rich neovasculature. On the other hand, intralesional injection of cytokines in RFA-treated tissues will result in the retention and gradual release of cytokine at the tumor site. Therefore, a single injection would be sufficient for the induction and/ or retention of local immune responses. Having detected a marked increase in numbers of MDSC due to the presence of MMC or 4T1 tumors in FVBN202 and Balb/c mice, we decided not to use GM-CSF in order to avoid a further increase in the recruitment of MDSC. We determined that RFA followed by intralesional injection of GM-CSF resulted in an increased MDSC burden compared to MMCbearing animals who received no treatment while injection of IL-7 and IL-15 moderately reduced MDSC, even in tumor-bearing mice. Therefore, we decided to test IL-7 and IL-15 instead of GM-CSF intralesionally after RFA. It has been shown that GM-CSF promotes bone metastasis of breast tumors [29, 30] and expansion of MDSC in melanoma patients [31] . Although in tumor models where MDSC do not appear to be the major suppressor cells, GM-CSF has been shown to be a potent inducer of anti-tumor immune responses [32] . On the other hand, gamma chain cytokines IL-7 and IL-15 have been shown to play a critical role in augmenting anti-tumor activity of T cells [33, 34] . It was reported that proliferation, persistence, and anti-tumor efficacy of melanoma specific T cells depended on the presence of IL-7 or IL-15 [35] . It was also reported that administration of IL-7 and IL-15 in an adjuvant setting augmented immune responses to subdominant epitopes and improved survival of antigen-specific T memory cells [36] . Therefore, it is likely that RFA treatment provided an antigenic pool for activation of T cells, and triggering of anti-tumor immune responses was facilitated by intralesional gamma chain cytokines IL-7 and IL-15. Prolonged release of intralesionally administered cytokines is also a unique phenomenon which can be utilized in this setting to avoid the need for frequent administration of cytokines and systemic toxicity.
We have shown here for the first time that intralesional injection of IL-7 and IL-15 can elicit protective immunity against tumors following RFA treatment. This approach needs to be evaluated in other tumor models, and its efficacy in long term tumor-free survival need to be tested in follow-up studies on the MMC and 4T1 models. In addition, combination of IL-7 and IL-15 with other treatment options such as cryotherapy and electroporation remain to be evaluated. Unlike RFA, cryotherapy will not denature proteins yet causes tumor antigen release. Cryo ablation was also shown to be superior to RFA in facilitating tumorantigen presentation in vivo [37] . Combination of cryo ablation with CpG was also shown to induce enhanced anti-tumor responses compared to each treatment alone [38] .
